This study examined the effects of a different number of eccentric contractions (ECs) on histological characteristics, surface electromyogram (EMG) parameters (integral EMG, iEMG; muscle fiber conduction velocity, MFCV; and action potential waveform), and isometric peak torque using the rat EC model. Male Wistar rats (n = 40) were anesthetized, and ECs were initiated in the tibialis anterior muscle via electrical stimulation while the muscle was being stretched by electromotor. The rats were grouped according to the number of ECs (EC1, EC5, EC10, EC20, EC30, EC40, and EC100). Three days after the ECs, surface EMG signals and isometric peak torque were measured during evoked twitch contractions via electrical stimulation of the peroneal nerve. The muscle damage was evaluated from hematoxylin-eosin (HE) stained cross sections as a relative number of damaged fibers to intact fibers. Intense histological muscle damage (approximately 50% to 70% of the fiber), loss of isometric peak torque, disturbance of action potential waveform, and depression of iEMG (approximately -60% to -70%) were observed at EC20, EC30, EC40, and EC100. On the other hand, the MFCV did not change in any EC group. Although muscle damage and pathological surface EMG signals were not found at EC10, isometric peak torque was reduced significantly. In conclusion, the extent of histological muscle damage is not proportionally related to the number of ECs. Muscle damage was reflected by iEMG and action potential waveforms, but not by MFCV, which remained unaffected even though approximately 50% to 70% of the fiber demonstrated injury.
Eccentric muscle contractions (ECs) are characterized by higher muscle forces and greater mechanical efficiency compared with isometric and concentric muscle contractions [1] . Also, ECs lead to muscle damage, such as Zband streaming, A-band disorganization, swelling, and hypercontraction [2, 3] . Quantification of muscle damage by histological observation in human skeletal muscle is problematic. Specifically, muscle biopsies require surgical intervention, and the small tissue specimens obtained are not very likely to be representative of the whole muscle. In contrast, analysis by surface electromyography is noninvasive, and its signals have been used to evaluate, for example, muscle fatigue [4] [5] [6] [7] and neuromuscular diseases [8, 9] . Human studies have found that the characteristics of surface EMG signals are modified by EC [10] [11] [12] [13] [14] [15] . Berry et al. [15] and Kroon and Naeije [13] observed that an increase in EMG activity is needed to produce the same level external force after ECs. On the other hand, Day et al. [11] reported that no changes in EMG activity were recorded following ECs. Also, significant decreases in the mean frequency of the EMG were observed after a few days of EC [10] [11] [12] [13] [14] [15] .
Since the surface EMG represents the sum of a large number of motor unit action potentials [5] , it is assumed that EMG alterations are a reflection of the extent of structural muscle damage. However, there is no research that elucidates the relationship between EMG alterations and quantitative analysis of muscle damage. The aim of the present investigation was to examine the effects of different numbers of ECs on histological characteristics, surface EMG parameters (integral EMG, iEMG; muscle fiber conduction velocity, MFCV; and action potential waveform), and isometric peak torque. We hypothesized that the amount of muscle damage increases progressively with the number of ECs, and the extent of muscle fiber damage is reflected by EMG parameters and muscle force.
MATERIALS AND METHODS
Experimental animals. Forty male Wistar rats were used in the present study (Japan SLC, Inc., Shizuoka Lab. Ani-mal Center, body weight = 284.7 ± 16.9 g, 13 weeks old). All rats were housed in a temperature-controlled room at 22 ± 2°C with a light-dark cycle of 12 h and maintained on rat chow and water ad libitum. All procedures performed in this study conformed to the Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences (published by the Physiological Society of Japan). All procedures for surgery, muscle stimulation, and muscle dissections were performed under pentobarbital anesthesia (70 mg kg -1 body mass).
Eccentric contraction (EC) protocol. The rats were divided into 7 groups (each group, n = 4 to 7) according to the number of ECs: EC1 (n = 6), EC5 (n = 6), EC10 (n = 7), EC20 (n = 7), EC30 (n = 4), EC40 (n = 4), and EC100 (n = 6). The ECs were evoked according to previously described methods [16] . The right tibialis anterior muscles (TA) were stimulated electrically via a surface electrode (10 V stimulation, 100 Hz frequency, and 700 ms stimulation period, i.e., 70 pulses). The surface electrodes (A-20, Nihon Kohden, Japan) were positioned in a distal and proximal part of the TA. In preliminary experiments and our previous study [16] , we confirmed that maximum muscle tension was achieved by electrical stimulation of a surface electrode (100 Hz, <10 V). In the resting condition before EC, the right foot was attached to the clamp unit, and the plate was connected to the electromotor system (Model RU-72, NEC Medical Systems, Japan). The right ankle joint was maintained at 50 degrees as the initial angle. During electrostimulation of the TA, the electromotor was rotated at an angular velocity of 260 degrees s -1 by which the dorsiflexor muscle group was lengthened to 180 degrees of the ankle joint. The generated muscle EC tension was monitored using a strain gauge that was incorporated into the plate fixing the foot. The strain gauge was calibrated using precision calibration weights that spanned the expected strains expected during the experiments. The TA of the left leg was not stimulated at all, but served as a contralateral control. EC1, EC5, EC10, EC20, EC30, EC40, and EC100 denote the number of contractions performed by the stimulated TA muscles. Because the EC may induce muscle soreness, the animals are monitored once per day after EC to check activity level and feed intake. Neither abnormal ambulatory activity nor pathological sequelae were observed following EC. Analysis of EMG signal and peak twitch force. Three days after EC, all rats were subjected to 20 electrically evoked twitch contractions via peroneal nerve stimulation (supramaximal voltage: 1-2 V) with a single 200 μs square wave (between contractions interval = 30 s). During contraction, isometric peak tension and surface myoelectric signals were recorded in the control-TA (left leg) and EC-TA (right leg). Before stimulation, the ankle and knee joint angles were clamped at 90 degrees on the exercise apparatus (Model RU-72, NEC Medical Systems, Tokyo, Japan) ( Fig. 1 ). An array-type surface electrode was placed on the TA parallel to the direction of the muscle fibers. The surface electrode for recording action potentials was composed of seven Ag/AgCl wires each 4.0 mm long and 1.0 mm wide (TN-200-214, Unique Medical, Tokyo, Japan) ( Fig. 1 ). The array was mounted on a rubber plate with an interelectrode distance of 2.0 mm. The myoelectric signals were transferred to a microcomputer using data acquisition software (Chart Ver. 3.6.3) at a sampling frequency of 10 kHz. The muscle fiber conduction velocity (MFCV) was calculated from the time difference of the action potentials between neighboring channels [17] . When the action potentials of several peaks were detected, such as at EC100 (Fig. 1 ), the fastest peak was accepted. The integrated EMG (iEMG) was calculated using the formula where m is the raw EMG signal.
The iEMG was calculated at every channel, and the average iEMG was obtained from all channels without endplate zone. A recording of EMG and the isometric peak torque were obtained from 20 twitch contractions in each leg. The maximum correlation coefficient between two myoelectric signals of control muscle and EC muscle was calculated to clarify the waveform distortion of evoked myoelectric signals after the EC. To compare the signals in both control and damaged conditions, the signal of one channel chosen randomly (other than the motor end-plate zone) was used. For example, in Fig. 1 , the signal of 2 channels in the control (left leg) was compared with the signal of 2 channels in EC100 (right leg) because the motor end-plate zone was recognized between 5 and 6 channels in control. The general calculation technique of MFCV by the correlation method [18] was applied to the calculation method of the maximum correlation coefficient in this study. Figure 2 shows an example of correlation coefficient plots between control and EC signal.
Histological evaluation. After the myoelectric signal protocols, the TA muscles of both legs were carefully dissected and the midbelly region was cut transversely to the long axis of the muscle. The tissue blocks were rapidly frozen in isopentane cooled by liquid nitrogen. Transverse 10 μm cross sections were made with a cryostat (Leica, CM1510, Germany) at -20°C and stained with hematoxylin-eosin (HE) to examine the histological features of muscle fiber damage. To avoid sampling bias, each section was subsampled at three different regions (anterior, central, posterior) so that these fields (total area = 2.13 mm 2 ) were analyzed per muscle. Muscle fiber damage was determined by a point-counting method using a 24 × 33 mounted grid (i.e., 792 points total; one square = 30 × 30 μm) on microscopic fields. Damaged fibers were defined as those with infiltration of inflammatory cells, pale staining of the cytoplasm, swollen appearance, or multiple central nuclei. Muscle damage was expressed as a percentage of counted grid squares. Quantitative analysis was performed in a blind manner and confirmed by another experienced investigator.
Statistical analysis. All experimental data are expressed as mean ± SD. All statistical analyses were performed in prism version 4.0 (GraphPad software Inc., USA). Group differences in MFCV, iEMG, and peak torque data were determined by a two-way analysis of variance (ANOVA, control vs. eccentric and number of contractions) and Bonferroni's post hoc test. Group differences in degree of muscle fiber damage and action potential waveform were analyzed by a one-way analysis of variance (ANOVA) and Bonferroni's post hoc test. The level of significance was set at p < 0.05.
RESULTS
An example of raw action potential signals obtained from control and EC100 is shown in Fig. 1 . At EC100, several peaks and a reduction in amplitude of action potential were observed. Comparison of the correlation coefficient of action potential waveform is shown in Fig. 2 . The correlation coefficient of a waveform was significantly lowered in the EC20 (0.88 ± 0.01), EC30 (0.85 ± 0.08), EC40 (0.90 ± 0.01), and 100EC (0.90 ± 0.05), compared with EC1 (0.94 ± 0.04), EC5 (0.95 ± 0.04), and EC10 (0.96 ± 0.03). These results identify a difference in the shape of the action potential between control and EC muscles.
The statistical significance of interaction effect was observed for peak torque and iEMG. The peak torque observed a significant reduction in groups more of than EC10 (EC1: 88.5%; EC5: 111.1%; EC10: 53.1%; EC20: 33.0%; EC30: 37.3%; EC40: 43.1%; EC100: 16.6% vs. contralateral control, Fig. 3 ). The iEMGs for EC20, EC30, and EC100 were significantly lower than control muscles (EC20: 44.1%; EC30: 33.3%; EC100: 23.1% vs. contralateral control, Fig. 3 ). MFCV did not differ between the TA muscles that received EC (3.52 to 4.51 m/s) and the contralateral control (3.76 to 4.19 m/s, Fig. 3 ). Histological examination of control muscles revealed no visible evidence of muscle tissue inflammation. In contrast, contracted muscles displayed mononuclear cell infiltration with swollen appearances (Fig. 4) . The TA muscles of EC1, EC5, and EC10 exhibited slight muscle damage; damaged muscle fibers constituted less than 3.9 ± 1.4% of total fibers ( Figs. 3 and 4 ). On the other hand, TA muscles at EC20 (49.1 ± 6.8%), EC30 (60.6 ± 3.6%), EC40 (53.7 ± 15.6%), and EC100 (65.7 ± 6.1%) exhibited severe muscle damage ( Figs. 3 and 4 ). Thus the extent of muscle damage increased precipitously at EC20. There was no significant difference in the percentage of muscle fibers damaged among the TA muscles of EC 20, EC30, EC40, and EC100 (p > 0.05).
DISCUSSION
The primary original finding of the present investigation is that the number of ECs is not a factor to determine the extent of histological muscle damage. Also, muscle damage occurred the modifications of the iEMG and action potential deformity. On the other hand, the propagation velocity of the action potential along muscle fiber (MFCV) was maintained for three days after the ECs.
Muscle damage
We find a nonlinear relationship between the number of muscle contractions and extent of muscle damage. As shown in Fig. 3 , fewer than 10 repetitive contractions did not induce a significant increase in damaged muscle fiber. In about 20 repetitive contractions, however, the histological observation showed injury to 49% of the muscle cross-section area.
In contrast, Hesselink et al. [19] showed that the amount of histological muscle damage increases progressively with the number of forced lengthening contractions (60 to 300). This discrepancy may be attributed to differences in the velocity of lengthening contractions. Previous studies have reported that muscle damage is dependent on the speed of extension [20, 21] . The velocity of lengthening used in this study (angular velocity of 260 degree s -1 ) was high compared with Hesselink's study (167 degree s -1 ). Hesselink et al. [19] found no degenerative changes in muscles that were subjected to 60 contractions. These results suggest that muscle fiber may have a number of muscle contraction threshold to damage when an eccentric contraction is imposed with high velocity.
MFCV and action potential waveform
The MFCV depends on many factors, including the muscle-fiber type, cross-sectional area [22] , and muscle temperature [23, 24] . However, the effect of muscle damage on the action potential propagation velocity is unknown. EC-induced muscle damage is accompanied with hypercontracture and edema of muscle fibers [16, 25] . The preset study clarified that severe muscle damage did not change MFCV during evoked twitch contraction. There is a possibility that muscle fiber of the state of edema does not participate in the recruitment of a motor unit. Most damaged fibers appeared to be in a necrotic condition with pronounced macrophage infiltration, as shown in Fig. 4 . This observation is consistent with a previous Fig. 3 . Percentage of the damaged muscle fiber area isometric peak torque, integrated electromyogram (iEMG) and muscle fiber conduction velocity (MFCV) during twitch contraction after eccentric contractions (EC) at various numbers. Results are expressed as means ± SD. *p < 0.05 vs. Control, **p < 0.01 vs. Control, # p = 0.06 vs. Control, ## p < 0.01 vs. EC10. 
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Control study, which demonstrated that more macrophages invaded myocytes a few days after EC [26] . It is very likely that such necrotic muscle fibers could not be recruited during electrically elicited contractions.
Also, the results of MFCV in the present study may have been associated with the muscle fiber composition of tibialis anterior (TA) muscle. It is suggested that EC-induced muscle damage of type IIB fibers were preceded by other muscle-fiber types [16, 27] . Type IIB muscle fibers have specific components by the high frequency of power spectrum. Thus selective muscle-fiber damage of the fast type could produce changes in the shift of the power spectrum of EMG to a low frequency [11, 12, 14] . Although the myosin heavy chain isoforms (MHC) of rat TA are a heterogeneous composition that contain ~5% type I, 15% type IIA, and ~70% IIX and/or IIB MHC [28] , the muscle composition of rat TA is predominantly type II fiber. Therefore the MFCV results obtained by the present study might possibly be caused by muscle composition of rat TA.
It may be necessary to consider the calculation methods of MFCV. Several peaks and distortions of action potential waves were found in damaged muscle, but these waveforms were not observed in all control muscles or in the EC1 to EC10 groups (Fig. 2) . It is possible that the waveforms with more peaks mean a dispersion of velocity of the action potential among individual fibers. Because the fastest peak was used as the time difference measurements between two channels in the present study, the results of MFCV may reflect the conduction velocity of the fastest fibers. Although the muscle damage is accompanied with a disturbance of waveforms ( Figs. 1 and 2) , the present study indicated that healthy muscle fibers or intact segments of damaged fibers maintain normal velocity of propagation. Previous studies indicate that conductivity of muscle tension was maintained in the focally damaged fibers [29, 30] . Therefore the focally damaged fibers may be characterized by the maintenance of propagation of action potentials and the conductivity of muscle tension.
iEMG and isometric strength
Decrement in maximal isometric strength is one of several sequelae that typically follow EC [31, 32] . Warren et al. [32] reported that the decline of peak isometric force after EC elicited by tetanic and twitch conditions were -42.6% and -55.6%, respectively. In this study, decrement in peak isometric force during twitch was observed for muscle in the EC10 (53.1% vs. control) to EC100 (16.6% vs. control) groups. The force loss in the present investigation cannot be explained completely by changes in iEMG or the extent of histological muscle damage. Specifically, in the EC10 leg a significant decline of muscle force was present concomitant with an unchanged iEMG and low histological damage by HE stain (under 4%). Previous studies suggested that the fall in muscle force after EC can be attributed to the disruption of sarcomeres in Fig. 4 . Light micrographs of transversely sectioned TA muscle for control (a), 10 eccentric contractions (EC10) (b), 20 eccentric contractions (EC20) (c), and 100 eccentric contractions (EC100) (d). Bar = 50 μm. After eccentric muscle contraction, evidence of muscle fiber hypercontracture ( ) and leukocytic infiltration ( ) was found in groups EC20 through EC100. The damaged area (black grid squares) e corresponding with d is shown. a c b d e myofibrils and the damage to excitation-contraction (E-C) coupling [33] . If the muscle fiber damage was intensive enough, the fiber would lead to a local inflammation with tissue swelling. However, when muscle damage is not sufficient, no necrosis of muscular fiber occurs, but force output would lead to decline. Although the damage at the myofibril level could not be observed with a light microscope, myofibril damage such as sarcomere disruption would occur in the EC10. Another effect attributed to the force drop after EC is the force-frequency relationship shift with muscle damage [34] . Twitch force was used as the index of muscle damage in this study. Therefore a decline of twitch force in the EC10 group would be expected to collapse the myofibril structure.
Consideration of an experimental model
Interpretation of iEMG and MFCV after ECs required consideration of the phase of cellular response to muscle damage. For example, in the early phase following EC, focal degenerative and inflammatory responses in damaged muscle fiber are accompanied by alteration of membrane depolarization [35] and fiber edema [16] . Previous studies [26, 36] also demonstrated the presence of necrotic muscle fibers with macrophage invasion at 1 to 3 days after injury and muscle fiber regeneration with myoblasts and myotubes at 4 days after [37] . These physiological and structural changes may contribute to the determination of EMG parameters. In human studies, the median frequency of the power spectrum decreased immediately after EC, and this modification was still present at one week [11] . It remains unclear whether the structural status of muscle from the injury-to-recovery period influences EMG parameters. Further research is needed to establish the time course of the relationship between EMG modifications and muscle damage.
In conclusion, although different numbers of ECs were adopted, the degree of histological muscle damage was almost the same when damage was present, which was accompanied with decreased iEMG and a change of action potential waveform. However, MFVC and isometric peak torque are not consistently related to histological muscle damage.
